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Rice tungro spherical virus encodes a large polyprotein containing motifs with sequence similarity to viral serine-like
proteases and RNA polymerases. Polyclonal antisera raised against domains of the putative protease and polymerase in
fusion with glutathione S-transferase detected a protein of about 35 kDa and, in very low amounts, a protein of about 70 kDa,
respectively, in extracts from infected plants. In in vitro transcription/translation systems and in Escherichia coli we
demonstrated a proteolytic activity in the C-terminal region of the polyprotein. This protease rapidly cleaved its polyprotein
precursors in vitro. Mutating a potential cleavage site located N-terminal to the protease domain, Gln2526-Asp2527, diminished
processing. The transversion mutation at the putative C-terminal cleavage site of the protease, at Gln2852-Ala2853, led to a
delayed and partial processing. © 1998 Academic Press
INTRODUCTION
One of the most devastating rice diseases, rice tungro,
is caused by the dual infection of rice tungro spherical
sequivirus (RTSV) and rice tungro bacilliform pararetro-
virus (Jones et al., 1991). The positive single-stranded
RNA genome of RTSV is about 12 kb in length and
contains one large open reading frame (ORF) with the
potential to encode a polyprotein of about 390 kDa (Shen
et al., 1993). Downstream of this long ORF, two small
ORFs were suggested (Shen et al., 1993); these could be
expressed as 5- to 10-kDa peptides but the products of
these could not be detected in plant extracts (Thole and
Hull, 1996). The precursor polyprotein is presumed to be
processed by a virus-encoded protease(s) to give sev-
eral products including the three coat proteins (CPs) and
putative proteins such as an NTP-binding protein and a
polymerase (see Fig. 1A for genomic map). However,
only the RTSV CPs have been studied and identified from
infected plants (Druka et al., 1996; Shen et al., 1993;
Zhang et al., 1993).
By analogy to (plant) picornaviruses, computer-based
sequence analyses suggest that the C-terminal part of
the RTSV polyprotein contains a proteolytic activity adja-
cent to the putative RNA-dependent RNA polymerase.
The amino acid sequence of the putative protease do-
main resembles those of the picornaviral 3C proteases,
the comoviral 24-kDa protease, and the potyviral 49-kDa
proteases (Koonin and Dolja, 1993; Shen et al., 1993;
Ryan and Flint, 1997). These viral 3C(-like) proteases
share many characteristics with cellular chymotrypsin-
like serine proteases (for reviews see Dougherty and
Semler, 1993; Ryan and Flint, 1997).
Picornaviral serine-like 3C proteases show high spec-
ificity for cleavage of viral polyprotein substrates (Nicklin
et al., 1986; Pallai et al., 1989). The 3C proteases are
responsible for the majority of processing events, includ-
ing the processing of the capsid proteins and cleave
predominantly at Gln-Gly, Gln-Ser, Gln-Ala, and Gln-Asn
pairs (reviewed by Palmenberg, 1990). Microsequencing
of the N-termini of the three RTSV CPs revealed process-
ing sites characteristic for 3C (-type) proteases by iden-
tifying Gln-Ala, Gln-Ser, and Gln-Asp as predicted N-
terminal cleavage sites of CP 1, 2, and 3, respectively
(Shen at al., 1993; Zhang et al., 1993).
The study of the genomic information of RTSV de-
scribed in this report focuses on the 39 half of the large
ORF and includes several approaches: (i) The immune
detection of the predicted polymerase and protease in
planta; (ii) The demonstration and characterisation of the
proposed proteolytic activity in the C-terminal part of the
polyprotein by in vitro analyses and in Escherichia coli;
and (iii) The mutational analysis of two potential cleav-
age sites at both termini of the protease domain.
RESULTS
Immunodetection of the proposed RTSV 3C-like
protease and RNA polymerase in infected rice plants
To raise polyclonal antisera for identifing the putative
3C-like RTSV protease and RNA polymerase in infected
plants, cDNAs to regions predicted by computer to encode
these proteins (Fig. 1A) were cloned into an expression
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vector by using reverse transcription–polymerase chain re-
action (RT–PCR) products cloned into pUC plasmids (Thole
and Hull, 1996). The putative RTSV 3C-type protease was
constructed as a C-terminal fusion to glutathione S-trans-
ferase (GST) into pGEX3X (pGEX-PRO; nucleotides (nt)
8429–9139; Fig. 1B). However, it proved impossible to ob-
tain and/or maintain stable clones of the polymerase either
on its own or linked with the protease in the correct orien-
tation in expression vectors such as pGEX3X and pBat.
Frequently, rearrangements and an insertion of about 150–
200 nt in the N-terminal part of the putative polymerase
were detected after cloning which were not present in the
RT–PCR products (data not shown). Thus, it appeared that
expression of these proteins affected E. coli. However, it
was possible to clone into pGEX3X an N-terminal part of the
proposed polymerase (pGEX-N9-POL; nt 9215–9496; Fig.
1B). The fusion proteins GST 1 POL (pGEX-N9-POL) and
GST 1 PRO (pGEX-PRO) migrated in SDS–polyacrylamide
gels with mobilities consistent with the expected sizes (39
and 53 kDa, respectively). These fusion proteins were af-
finity-purified and polyclonal antisera were separately
raised against them in rabbits. Each antiserum reacted in
Western immunoanalyses specifically with the relevant fu-
sion protein (data not shown). Plant material originated
from Philippine rice paddies and samples taken during
different stages of infection from glasshouse-derived rice
plants (2, 3, 4, 5, and 7 weeks postinoculation (p.i.)) were
analyzed in chromogenic and enhanced chemiluminescent
detection assays. The samples were simultaneously
checked for RTSV infection by RTSV CP antisera (Druka et
al., 1996). The polymerase antiserum detected a protein of
about 70 kDa in crude extracts from infected plants derived
from the Philippines but this product was in a very low
amount which could not be increased by immunoprecipi-
tation or by concentrating protein solutions with either am-
monium sulfate or acetone (data not shown). The antiserum
raised against GST 1 PRO detected a protein of about 35
kDa in extracts from infected plants about 4–5 weeks p.i.
which was not found in purified virus preparations or in
healthy rice plants (Fig. 2A).
FIG. 1. Details of the RTSV genome and constructs used in this work. (A) Genome organization of RTSV based on computer sequence analyses
(Shen et al., 1993). The three coat proteins (CP 1, 2, and 3) and domains for an NPT-binding protein (NTP), for a 3C-like protease (Pro) and for an
RNA-dependent RNA polymerase (Pol) are indicated and putative protein products of unknown function are shown by question marks. (B) Schematic
diagrams of constructs in relation to the RTSV genome.
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Proteolytic activity in the C-terminal part of the RTSV
polyprotein in vitro and in E. coli
To demonstrate the predicted proteolytic activity in
vitro and to analyze products of the RTSV polyprotein,
various constructs containing regions of the C-terminus
of the polyprotein were made in pBat (Fig. 1B) under the
control of the T3 RNA polymerase promoter and fused to
the rabbit b-globin leader sequence. These constructs
were expressed in coupled in vitro transcription/transla-
tion systems using wheat germ extract and rabbit reticu-
locyte lysate as translation systems taking into consid-
eration that some proteases are (partially) inhibited in
certain in vitro systems and/or require cofactors such as
reducing agents for expression and processing (Ma-
vankal and Rhoads, 1991; Pelham, 1979; Shih et al., 1987;
Verchot et al., 1991, 1992).
The translation products of pBat1534 (nt 7055–9498;
Fig. 1B) and pBatE1 (nt 7920–9498; Fig. 1B) were moni-
tored at 15, 20, and 30 min and at 1, 2, 3, 5 (or 6), and 24 h.
The primary translation products of pBat1534 (91 kDa)
and pBatE1 (58 kDa) were first detectable after about
20–25 min of reaction but mainly after 30 min, with slight
variations depending on the batch of translation system
used. The precursors were translated and processed
very rapidly in the rabbit reticulocyte lysate system; after
5–6 h of incubation they appeared totally cleaved (Figs.
3B and 3D). In the wheat germ extract system the trans-
lation and processing appeared less efficient; the pre-
cursor forms were still detectable after an incubation for
20–24 h (Figs. 3A and 3C). However, the wheat germ
extract processing patterns were very similar to those
observed in reticulocyte lysates. An enhancement of
proteolytic activity upon subsequent addition of dithio-
threitol (DTT, 5 mM) to the translation systems as re-
ported, e.g., for cowpea mosaic virus (CPMV) (Pelham,
1979) was not detected. Therefore, further experiments
were mostly performed in the reticulocyte lysate-coupled
transcription/translation system.
Although intramolecular cleavage seems very likely at
a particular site(s), a final distinction from an intermolec-
ular event involving two closely associated precursor
proteins cannot be made from these studies. Further
support for cis cleavage at certain sites was obtained by
FIG. 2. Immunodetection of the RTSV 3C-like protease in vivo and in
vitro. (A). Western immunoanalysis of extracts from rice tungro-infected
and healthy rice plants by using the polyclonal antiserum raised
against the computer-predicted protease coding region. A protein of
about 35 kDa, detected in extracts from infected plants, is indicated by
an arrow. The prestained molecular weight markers (Bio–Rad) are
shown in kDa on the right. (B). Immunoprecipitation of radiolabelled in
vitro transcription/translation products produced by pBat1534 in rabbit
reticulocyte lysate. The nonprecipitated samples of pBat1534 (1 and
3 h) are compared to a sample (1 h) analyzed with the preimmune
serum and to products precipitated with the protease antiserum orig-
inating from 1- and 3-h translation mixes. The immunoprecipitated
product of about 35 kDa is indicated by an arrow as well as the protein
precursor of translation of pBat1534 (91 kDa). The molecular weight
markers are shown on the right of the autoradiograph (in kDa).
FIG. 3. Analysis of in vitro transcription/translation products of pBat1534
and pBatE1. Proteins were synthesized in coupled transcription/translation
systems using wheat germ extracts (A and C) or rabbit reticulocyte lysate
(B and D). Proteolytic processing of pBat1534 (A and B)- and pBatE1 (C and
D)-derived 35S-labeled translation products were monitored in a time
course of 0.5, 1, 2, 3, 5 (and 6), and 24 h (only in the wheat germ system)
and detected by SDS–PAGE combined with autoradiography. The protein
precursors from translation of pBat1534 (91 kDa) and pBatE1 (58 kDa) are
indicated by arrows and molecular weight markers (in kDa) are shown on
the right of each autoradiograph (A and B).
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dilution experiments (Fig. 4A). After 0.5 h of transcription/
translation of pBat1534, at a time when most of the
precursor was synthesized, RNase A (0.4 mg/10 ml) was
added and a 10- and 20-fold dilution with 13 reaction
buffer was carried out. During a 2-h incubation some
products including one of about 35 kDa (see below) were
processed in the diluted samples. However, the nondi-
luted samples showed a much higher degree of process-
ing. These findings confirm that both mono- and bimo-
lecular cleavage events are involved in the processing of
the pBat1534 precursor. In addition, experiments with
potential cleavage site mutants further suggest that
cleavage occurs at a particular site in a cis manner (see
below; cleavage site mutation experiments).
The inhibition of the proteolytic activity by Zn21 was
described for many viral trypsin-like proteases (e.g., Dough-
erty et al., 1989; Margis et al., 1991; Pelham, 1979) and to
test the effect of Zn21 on the RTSV 3C-like protease, a 0.5-h
translation mix of pBat1534 was treated with ZnCl2 (1 mM).
After incubation for 0.5 and 2.5 h the persistence of the
high-molecular-weight precursor and very little increase in
processing products were observed (Fig. 4B). This indi-
cates that the protease in the C-terminal part of the RTSV
polyprotein probably has a sulfhydryl group containing
amino acid in its active center.
To characterize the processing of the translation prod-
ucts arising in the cell-free system, the GST 1 PRO anti-
serum was used in immunoprecipitation assays. The anal-
yses of the products of pBat1534 1 and 3 h after starting the
reaction gave several consistent products, one of about 35
kDa which comigrated with the protease found in infected
rice material, and thus presumably represents the protease
or a stable intermediate protease form (Fig. 2B). The pre-
immune antiserum was used to analyze a sample taken
after 1 h of incubation and did not precipitate any product
(Fig. 2B). The other intermediate processing products have
not yet been characterized.
To study the RTSV 3C-like proteolytic activity in E. coli,
the RTSV polyprotein region covering nt 7920–9498 was
expressed as a C-terminal fusion to GST in the expres-
sion vector pGEX3X (pGEX-E1; Fig. 1B). The processing
of this GST fusion protein (86 kDa) was analyzed at either
30° or 37°C and in the absence or the presence of DTT
(5 mM) by Western immunoblotting using a commercially
available GST antiserum as well as the GST 1 PRO and
GST 1 POL antisera (Fig. 5 and data not shown). Com-
paring the bands revealed by the three antisera, it ap-
peared that only the GST 1 PRO antiserum detected a
product of about 35 kDa, which is considered to repre-
sent the protease or its stable precursor. This is sup-
ported by the results of the immune detection of the
RTSV protease in planta and the immuneprecipitation of
the cell-free translation products of pBat1534 giving a
product of the same molecular weight. The bands rec-
ognized by each antiserum are presumably cleavage
FIG. 5. Immunological study of the pGEX-E1-derived protein products
with the protease (Pro), polymerase (Pol) antiserum, and the anti-GST-
antiserum (GST) (Pharmacia). The proteins used in this analysis were
synthesized at 37°C followed by incubation overnight at 37°C in the
presence of DTT. For each antiserum an uninduced (U) and an induced
(I) sample is displayed. The fusion products of pGEX-E1 (86 kDa) and
a protein of about 35 kDa detected by the protease antiserum are
indicated by arrows. The molecular weight markers (in kDa) are shown
on the right of the Western immunoblots.
FIG. 4. Effect of various factors on the cleavage of the products of
transcription/translation of pBat1534 in a rabbit reticulocyte cell-free
system. (A). Effect of dilution. The radiolabeled transcription/translation
mix of pBat1534 was treated with RNaseA after 0.5 h of reaction.
Undiluted samples were withdrawn immediately after RNaseA treat-
ment (lane 1, 0.5 ml and lane 2, 1 ml) and after 2.5 h incubation at 30°C
(lane 3, 0.5 ml, and lane 4, 1 ml). A 0.5-h translation mix of pBat1534 was
diluted 10- (lane 5) and 20-fold (lane 6) and incubated for 2 h. Samples
were analyzed by SDS–PAGE and autoradiography. (B) Effect of 1 mM
ZnCl2. In the absence of Zn
21, the pBat1534 translation products were
monitored after 0.5 h (lane 1), 1 h (lane 2), and 3 h (lane 3) of incubation,
simultaneously with the start of the Zn21 treatment, after 0.5 h and at
the end of it. A 0.5-h translation mix of pBat1534 was exposed to Zn21
(1 mM) and samples were analyzed by SDS–PAGE and autoradiogra-
phy 0.5 h (lane 4) and 2.5 h (lane 5) after Zn21 addition. The positions
of the molecular weight markers are indicated to the right of each
autoradiograph.
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intermediates containing the protease and either, at their
N-termini, GST or, at their C-termini, the N-terminal re-
gion of the polymerase. The detection of nonspecific
proteins was eliminated or decreased to a very low
amount by cross absorption of the antisera with E. coli
crude extracts as well as with acetone-precipitated
healthy rice material. As noted before in the cell-free
system, the subsequent addition of a reducing agent did
not give any change in the enzymatic activity; incubation
at different temperatures also did not affect activity.
Mutation of potential cleavage sites flanking the N-
and C-termini of the protease domain
To investigate the cleavage sites delimiting the termini of
the RTSV 3C-like protease two potential sites for the N- and
C-termini, respectively, were chosen for mutational analy-
ses. These potential cleavage sites were identified as be-
ing similar to the determined N-termini of the RTSV CPs
(Shen et al., 1993; Zhang et al., 1993) and to the known
cleavage sites of viral serine-like proteases (reviewed in
Lawson and Semler, 1990) as well as by analyzing the
fragment sizes arising during the proteolysis of the primary
translation product of pBat1534 (Fig. 2B).
To define the N-terminus of the protease, mutations
were introduced into pBat1534 at the potential cleavage
sites Gln2509-Gly2510 and Gln2526-Asp2527, respectively
(amino acid numbering according to the polyprotein
amino acid position used by Shen et al., 1993). At the
potential site Gln2509-Gly2510 position 21, Gln was altered
to Arg (nt 8039–8041; pBatQ2509R) and at the putative
bond Gln2526-Asp2527 Gln was substituted with Pro (nt
position 8090–8092; pBatQ2526P) (Fig. 1B). Analyses of
the translation products in a time course from 0.5 to 24 h
demonstrated that the mutation in pBatQ2526P, the
transversion of Gln2526 to Pro, eliminated processing,
whereas the substitution mutation of Gln2509 to Arg
(pBatQ2509R) did not have any detectable effect on
cleavage (Fig. 6A).
Similarly, to identify the C-terminus of the RTSV 3C-
type protease, the position 21 relative to the scissile
bond of the potential cleavage sites Gln2852-Ala2853 and
Gln2885-Ser2886 was mutated to Pro (nt 9068–9070;
pBatQ2852P) and to Leu (nt 9167–9169; pBatQ2885L),
respectively (Fig. 1B). In 0.5- to 24-h time course exper-
iments the alteration of Gln2885 to Leu did not impair
processing. However, the substitution of Gln2852 to Pro
caused a delayed and partial processing; even after
an extended incubation of 24 h the precursor of
pBatQ2852P was still detected (Fig. 6B). A slightly slower
mobility in SDS–polyacrylamide gels was observed for
the pBatQ2852P-derived polyprotein precursor which is
probably due to the introduced point mutation as de-
scribed earlier for (another) single amino acid changes
(Eggen et al., 1989).
The results indicate that Gln2509 and Gln2885 are not
essential for the proteolytic activity and Gln2509-Gly2510
and Gln2885-Ser2886 could not represent authentic cleav-
age sites. The amino acid pairs Gln2526-Asp2527 and
Gln2852-Ala2853, respectively, are likely to be cleavage
sites, although microsequencing of the termini of the
polyprotein processing products from RTSV-infected
plants is necessary to confirm this. The alteration of
Gln2852 had relatively minor effects on the proteolytic
activity leading to processing at a reduced level. In con-
trast, the substitution of position 21 relative to the scis-
sile bond of the cleavage site Gln2526-Asp2527 rendered
the protease inactive in cis. However, the intermolecular
proteolytic activity of the pBatQ2526P precursor ap-
peared to be enhanced at particular sites and the
polyprotein was cleaved in trans assays (Thole and Hull,
FIG. 6. Analyses of potential cleavage sites flanking the termini of the
RTSV 3C-related protease domain in the rabbit reticulocyte cell-free
system. (A) Radiolabeled products synthesized from the potential N-
terminal cleavage site mutants, pBatQ2526P and pBatQ2509R, were
analyzed in a time course of 0.5, 1, 2, and 6 h followed by SDS–PAGE
and autoradiography. The polyprotein precursors from translation of
pBatQ2526P and pBatQ2509R (each 91 kDa) are indicated by arrows
and the molecular weight markers (in kDa) are shown on the right. (B)
The in vitro transcription/translation products of the potential C-termi-
nal cleavage site mutants, pBatQ2852P and pBatQ2885L, were moni-
tored at 0.5, 1, 2, 6, and 24 h of incubation by SDS–PAGE and autora-
diography. The primary translation products from pBatQ2852P and
pBatQ2885L (each 91 kDa) are indicated by arrows and the molecular
weight markers (in kDa) are shown on the right of the autoradiographs.
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in preparation). This illustrates that the elimination of the
cis proteolytic activity was not because of a conforma-
tional change caused by introducing a nonconservative
amino acid alteration. Further, it implies that processing
at Gln2526-Asp2527 may represent a primary autocatalytic
cleavage event.
DISCUSSION
A proteolytic activity in the C-terminal part of the RTSV
polyprotein has been demonstrated in E. coli and in
cell-free translation systems. Mutational analyses have
identified the likely processing sites N-terminal and C-
terminal to the protease domain. These data and the
characterization of the catalytic center of the protease
(Thole and Hull, in preparation) suggest a close relation-
ship to (plant) picornaviral 3C (-like) proteases. A 35-kDa
protein has been detected in extracts from infected rice
material and in in vitro processing products by a pro-
tease-specific antiserum.
Substitution mutations at protein junctions may result
in processing at a (greatly) reduced level or their elimi-
nation (e.g., Carrington et al., 1988; Dougherty et al., 1988;
Parks and Palmenberg, 1987; Parks et al., 1989). This
depends on the replacing amino acid and the position
altered; more flexibility was demonstrated at position 11
with respect to the scissile bond than at position 21.
Altering the N-terminal side of the scissile bond of the
potential cleavage site Gln2526-Asp2527 of RTSV com-
pletely blocked the processing of the precursor polypep-
tide, but did not effect its ability to act in trans (Thole and
Hull, in preparation), which was similarly demonstrated
for the tobacco etch virus potyvirus 49-kDa proteinase
(Carrington et al., 1988). Further, trans proteolytic activity
of the RTSV polyprotein impaired in the authentic cleav-
age site Gln2526-Asp2527 suggests that the noncleaved
site does not mask the active center via a rigid confor-
mation. The transversion of Gln at the potential border
Gln2852-Ala2853 C-terminal to the proteolytic domain
caused a partial and delayed cleavage. Analogously,
many changes introduced at the junction of poliovirus
3C/D had minor effects on processing at this site (Harris
et al., 1992) and cis cleavage by the 2A protease at its
N-terminus was not highly sensitive to changes of amino
acids in the cleavage site (Hellen et al., 1991). Our stud-
ies suggest that processing at the dipeptide bond
Gln2526-Asp2527 represents an early cleavage event in the
RTSV polyprotein processing cascade and the preferred
processing manner at this scissile bond might be auto-
catalytic. The protein junction at Gln2852-Ala2853 ap-
peared to be less crucial for the proteolytic activity, which
indicates that it may be a secondary cleavage. Similarly,
at the N-terminus of the polioviral 3C protease a very
rapid and efficient cleavage, probably by an autocatalytic
mechanism, was observed, whereas the C-terminal
cleavage is much less efficient (Hanecak et al., 1984).
Calculating the size of the protease detected in in-
fected rice material (35 kDa) relative to the proteolytic
domain as well as taking into consideration the results of
the immunoprecipitation and processing in E. coli indi-
cates that Gln2526-Asp2527 might represent the N-terminal
cleavage site of the protease and Gln2852-Ala2853 might
flank its C-terminus. However, an inefficient cleavage
site(s) at either end of the RTSV 3C-like protease is
possible and alternative processing events are known
for other viruses (Dougherty and Parks, 1991; Lee and
Wimmer, 1988). Thus, the fully released RTSV 3C-related
protease may be only in low concentrations in vitro
and/or in vivo and it is also recognized that there may be
differences between the in vitro and in vivo situations.
The proposed N-terminal cleavage sites of RTSV CP 3
and 1, respectively (Shen et al., 1993; Zhang et al., 1993)
represent the same amino acid pair bonds as inferred by
mutation at or near to the 59 and 39 ends of the 3C-like
RTSV protease. When the amino acid sequence in the
immediate vicinity of the cleavage sites Gln2526-Asp2527
and Gln2852-Ala2853 are compared with those of the pre-
dicted N-terminal cleavage sites of CP 1, 2, and 3 and
other potential processing sites, hydrophobic residues
are characteristic; however, no obvious consensus se-
quence could be deduced. A consensus heptapeptide
cleavage sequence has been determined for potyviruses
(reviewed by Riechmann et al., 1992), but other (plant)
picornaviruses do not possess such a cleavage site
specificity (for review, see Dougherty and Semler, 1993).
3C-like proteases cleave most frequently after Gln; Asp
has been found at position 11 of some cleavage sites,
but a combination of Gln and Asp has not been reported
to surround a scissile bond to our knowlege; however, a
Gln-Ala junction is common.
The C-terminal cleavage of the protease from the RTSV
polyprotein at Gln2852-Ala2853 would release a peptide of
68.3 kDa containing the RNA-dependent RNA polymerase
motif. This is close to the size of the product (70 kDa)
detected in extracts from infected plants by the antiserum
raised against an N-terminal part of the putative polymer-
ase. Thus, it appears that the C-terminal portion of the RTSV
polyprotein is processed into a 35-kDa protease precursor
and a 68-kDa RNA-dependent RNA polymerase.
MATERIALS AND METHODS
Constructions
The constructs were based on pUC19 clones obtained
by molecular cloning and sequencing of the 39 terminal
half of the RTSV genome (pJII4, nt 6079–8190), pJII741 (nt
7920–10300), and pJII23 (nt 9403–11430) (Thole and Hull,
1996; GenBank Accession No. X98396) and by joining
overlapping clones to give pJII741 1 23 (nt 7920–11430)
and pJII4 1 741 1 23 (nt 6079–11430). The nt numbering
is according to the full-length sequence of RTSV (Shen et
al., 1993).
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pGEX series (Fig. 1B). pGEX-PRO (nt 8429–9139) and
pGEX-N9-POL (nt 9215–9496): The clone pJII741 1 23 was
chosen as template for producing a PCR fragment con-
taining either the protease or polymerase coding se-
quence. For these reactions, the primer pairs V2287 and
V2288 (Table 1) as well as V1359 and V2290 (Table 1)
were used, respectively. The SmaI–EcoRI-digested PCR
fragments were cloned in frame with GST into the ex-
pression vector pGEX3X (Phamarcia). The entire PCR
fragments were sequenced to verify that no inadvertent
base changes were inserted. pGEX-E1 (nt 7920–9496):
Using clone pJII741 as well as primers V1347 and V1339
(Table 1) a PCR fragment was amplified, blunt-ended,
and cloned into pUC19 at the SmaI site, fully sequenced,
and subcloned as a HindIII fragment into pJII741 1 23,
giving clone pJII59-741 1 23. The PstI (filled in)–EcoRI
fragment of pJII59-741 1 23 was cloned into the SmaI–
EcoRI-cleaved pGEX3X.
pBat series (Fig. 1B). pBatE1 (nt 7920–9498): The blunt-
ended PstI–EcoRI fragment of pJII59-741 1 23 was
cloned into pBat (Annweiler et al., 1991) at the SmaI site.
pBat1534 (nt 7055–9498): The primers V1534 (Table 1)
and V2290 were used with the template, pJII4 1 741 1
23, to amplify a PCR product which was cloned as a
HindIII fragment into pBatE1 and its sequence was
verified. pBatQ2852P, pBatQ2885L, pBatQ2526P, and
pBatQ2509R: To synthesize ‘‘megaprimers,’’ DNA frag-
ments were amplified with primers containing either
wild-type sequences (V1339 or V2290; Table 1) or muta-
tions (V1590, V1598, V2442, V2443; Table 1) from the
template pJII4 1 741 1 23. These ‘‘megaprimers’’
(V1590 1 V2290, V1598 1 V2290, V1339 1 V2442, and
V1339 1 V2443) were used with a primer (V1347 or
V1534) which facilitated the use of a restriction enzyme
(HindIII or Eco47III) in the amplified PCR product. The
HindIII-digested PCR fragments of V1347 1 V1339 were
cloned into pBatE1 to create pBatQ2526P and
pBatQ2509R, respectively. The Eco47III–EcoRI (blunt-
ended) fragments of the PCR products of V1347 1 V2290
were cloned into pBat1534 at the Eco47III and XbaI
(blunt-ended) sites to result in clones pBatQ2852P and
pBatQ2885L, respectively. The clones were designated
according to the amino acid altered and its position in
the RTSV polyprotein (Table 1). The inserted PCR frag-
ments were sequenced to verify that only the intended
mutations were present.
Expression in E. coli, raising of antisera, and
immunodetection methods
The fusion proteins of pGEX-PRO and pGEX-N9-POL,
GST 1 PRO and GST 1 POL, were expressed in E. coli
TABLE 1
Primer Sequences Used
Primer descriptiona Locationb Orientationc
V1339: 59-CTACTGGTTCTCCTGGAGTTGAGA 8167–8190 2
V1347: 59-TACCCCTGCAGGCACCATGGGCGTTACATA 7920–7944 1
PstId Initiation consensuse (pBatE1,pGEX-E1)
V1359: 59-GTCCCCGGGCTACCAGCACAATTGGTGC 9206–9233 1
SmaI (pGEX-N9-POL)
V1534: 59-GATGAAGCTTCACCATGGATGTGGTGAGGATGCAG 7041–7075 1
HindIII Initiation consensus (pBat1534
V1590: 59-CATCTGATGCCGGCCATTGAAACGC (pBatQ2852P) 9059–9083 1
Gln2852[CAG]3Pro[CCG]f
V1598: 59-GCACTCTAAGAAGTTAAGTTTGTCGC (pBatQ2885L) 9154–9179 1
Gln2885[CAA]3Leu[TTA]
V2287: 59-GATCCCGGGATGACCAATTTGATCGATACC 8420–8449 1
SmaI (pGEX-PRO)
V2288: 59-AGCGAATTCTCACCTGCTCCAATTGCCC 9120–9147 2
EcoRI (pGEX-PRO)
V2290: 59-CCAACGAATTCACATTTCGAGCTCTTC 9477–9503 2
EcoRI SstI (pGEX-N9-POL)
V2442: 59-GGCGAATGGCCTGATAAGGTTAAGG 8081–8105 1
Gln2526[CAA]3Pro[CCT] (pBatQ2526P)
V2443: 59-GCTGTGAAACGTGGCGGCAAGG 8030–8051 1
Gln2509[CAA]3Arg[CGT] (pBatQ2509R)
a Plasmid names are shown in parentheses.
b Based on nucleotide numbering of Shen et al., (1993).
c (1) Stands for sense and (2) for antisense orientation.
d (Introduced) restriction endonuclease site.
e Kozak (1986).
f Amino acid substitution; amino acid numbering according to the position in the polyprotein (Shen et al., 1993).
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strain BLR(DE3)pLysS (Novagen). The bacterial suspen-
sions were harvested after 2 h growth and 3 h induction
with isopropyl-b-D-thiogalactoside (IPTG, 0.1 mM), soni-
cated, and purified by applying affinity absorption on
glutathione–agarose beads (Sigma) following the proto-
col of Ausubel et al. (1994). Half the purified GST 1 PRO
or GST 1 POL was denatured with SDS (1%) and to-
gether with the nondenatured half of the fusion protein
separately injected into rabbits (Hay et al., 1994). The
antisera were analyzed by Western immunoblotting for
detection of the relevant fusion protein. Sera were used
as crude sera as well as after cross absorption with
bacterial proteins and acetone powder of healthy rice
plants as described by Hay et al. (1994). For the detection
of the protease and polymerase in planta and in virus
preparations, chromogenic or enhanced chemilumines-
cent detection assays were used applying standard pro-
tocols (Sambrook et al., 1989) as well as the ECL Detec-
tion Reagents (Amersham). Samples originating from
glasshouse infections and Philippine rice paddies were
checked for infectivity by RTSV CP antisera (Druka et al.,
1996) and analyzed as crude extracts as well as after
immunoprecipitation (Harlow and Lane, 1988) or concen-
tration with ammonium sulfate or acetone (Bollag and
Edelstein, 1990). The Philippine isolates used are de-
scribed in Thole and Hull (1996). Different stages of
infection (2, 3, 4, 5, and 7 weeks p.i.) were analyzed in
case of plant material infected under glasshouse condi-
tions (Druka et al., 1996).
Analysis of processing in E. coli
To investigate the predicted proteolytic activity of
pGEX-E1, a 3-h-old bacterial suspension of E. coli strain
BLR(DE3)pLysS was induced with IPTG (0.4 mM) for 4 h
at 37°C and then divided for (a) further incubation as
bacterial suspension and (b) collection of bacteria, re-
suspension in phosphate-buffered saline, and sonica-
tion. In each case, the overnight incubation was at either
30° or 37°C and in the absence or the presence of DTT
(5 mM). Samples were analyzed as pellet and superna-
tant, together with uninduced bacteria by 12% SDS–
polyacrylamide gel electrophoresis (PAGE) followed by
Western blotting using anti-GST serum (Pharmacia),
GST 1 PRO and GST 1 POL antisera according to
standard protocols (Sambrook et al., 1989).
In vitro transcription and translation
The pBat clones were purified and then treated with
RNase A (0.25 mg/ml) for 10 min at 37°C and with
proteinase K (0.1 mg/ml) and 0.5% SDS for 10 min at 37°C
followed by a extensive phenol–chloroform extraction.
The various constructs were used in coupled in vitro
transcription/translation systems (TNTTNT3 Coupled Re-
ticulocyte Lysate System and TNTTNT3 Coupled Wheat
Germ Extract System, Promega) according to the suppli-
er’s instructions. Aliquots were taken after 15, 20, 25,
and/or 30 min as well as 1, 2, 3, 6 or 7, and 20 or 24 h from
the translation mixes of different constructs. The [35S]me-
thionine-labeled translation mixes were analyzed as
crude extracts or after immunoprecipitation (see below)
by 12% SDS–PAGE (Sambrook et al., 1989). For the dilu-
tion experiments the 0.5-h translation mix of pBat1534
was treated with RNase A (0.4 mg/10 ml) and diluted 10-
and 20-fold with 13 TNT reaction buffer followed by a 2-h
incubation and SDS–PAGE in comparison with nondi-
luted samples of 0.5 and 2.5 h incubation. For the inhi-
bition assay, ZnCl2 (1 mM) was added after 0.5 h of
coupled transcription/translation of pBat1534 and ali-
quots were taken 0.5 and 2.5 h after Zn21 addition. These
were compared by SDS–PAGE and autoradiography of
samples transcribed/translated in the absence of Zn21
for 0.5, 1, and 3 h.
Immunoprecipitation of translation products
A 10% Protein A–Sepharose CL-4B (Pharmacia) sus-
pension (75 ml) was incubated with the appropriate an-
tiserum or preimmune serum (1 ml crude serum) at 4°C
for 1 h followed by washing three times in 0.5 ml wash
buffer (50 mM Tris–HCl (pH 8.0), 100 mM NaCl, 1%
Nonidet P-40, 0.1% SDS, 0.2% sodium deoxycholate). The
translation mix (4 ml) was diluted, and an equal volume of
protein dissociation buffer (Laemmli, 1970) was added
and then boiled for 1.5 min. The denatured translation
products were mixed with the Protein A–antibody com-
plex in 0.2 ml wash buffer containing 2% bovine serum
albumin and rotated for 2 h at 4°C. The Protein A–anti-
body–antigen complex was washed three times in 0.5 ml
wash buffer and once in 10 mM Tris–HCl (pH 7.5) con-
taining 0.1% Nonidet P-40. Finally, the complexes were
boiled for 3 min and analyzed by SDS–PAGE.
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